The translational potential of this articleBone homeostasis is closely relevant to the immune system, which has raised an important field termed osteoimmunology. As one of the first lines of defence of the innate immune response, macrophages play a crucial role in bone integrity in physiological conditions and bone turnover in pathological conditions. During inflammation, macrophages are activated and produce a great amount of cytokines to affect bone formation and bone resorption. In light of this, a better understanding of the mechanisms by which macrophages regulate bone metabolism is essential for targeting macrophages as a therapeutic strategy in inflammatory bone diseases.

Introduction {#sec1}
============

Bone is a major component that makes up the skeleton of vertebrates. It is the strongest tissue in the body, and supports the body, protects the organs, and stores minerals. Apart from its structural function, bone also possesses metabolic functions. Bone metabolism is a lifetime process which is necessary to preserve structural integrity and maintain mineral homeostasis. This process involves osteoblastic bone formation and osteolytic bone resorption [@bib1]. Bone formation refers to the building of new bone material by osteoblasts. Bone resorption is the process of breaking down bone and releasing the minerals by osteoclasts. The balance between bone formation and bone resorption is tightly controlled by osteocytes, immune cells, and the endocrine system.

Osteocytes, derived from osteoblasts, are the most common cells in bone. They are distributed in the mineralized bone matrix or on the surface of bone, and form an interconnected network with osteoblasts, osteoclasts, and the bone marrow. As a result, osteocytes possess the most potent ability to regulate bone metabolism through direct cell--cell contacts and the release of soluble molecules [@bib2]. Receptor activator of nuclear factor kappa-β ligand (RANKL) is the key regulator for osteoclast differentiation and bone resorption. Osteocytes express higher amounts of RANKL than osteoclasts *in vitro* [@bib3]. An increasing number of studies have shown that osteocytes can promote osteoclastogenesis and bone resorption through the production of RANKL. Sclerostin, an inhibitor of bone formation, is mainly produced by osteocytes in the bone [@bib2]. Parathyroid hormone or mechanical stimuli can reduce the sclerostin production of osteocytes, leading to increased bone formation. In addition to RANKL and sclerostin, osteocytes also produce other molecules, including nitric oxide, transforming growth factor (TGF), and macrophage chemotactic factor-1, which help to regulate bone metabolism. These findings suggest that osteocytes are the central regulators of bone homeostasis [@bib4].

It is well known that there is a close interrelationship between bone metabolism and the immune system. Bone loss can be seen in some inflammatory diseases, including rheumatoid arthritis (RA) and periodontitis. Osteoimmunology was developed to investigate the impact of the immune system on bone metabolism under physiological and pathological conditions. An increasing number of studies have suggested that osteoimmunology includes the interactions between osteoblasts and osteoclasts, lymphocytes and osteoclasts, and osteoblasts and hematopoietic cells. T cell-deficient mice are osteoporotic and show reduced osteoprotegerin (OPG) production [@bib5]. Depletion of B cells results in bone loss in rats [@bib6]. In addition to immune cells and bone cells, cytokines are important to regulate bone metabolism. Activated T cells can reduce bone resorption and stimulate bone formation through the production of interferon-γ (IFN-γ) or interleukin (IL)-17 [@bib7], [@bib8]. RANKL plays an important role in osteoimmunology. Under physiological conditions, RANKL is necessary for lymph node development. During an inflammatory response, activated T and B lymphocytes can release RANKL, which binds to the receptor activator of nuclear factor kappa-β (RANK) receptor on osteoclast precursors and induces osteoclastogenesis [@bib9]. OPG can inhibit the RANK-RANKL interaction. The increased ratio of RANKL/OPG always indicates osteoclast differentiation and bone resorption [@bib10].

In addition to T and B cells, the role of macrophages in osteoimmunology has received intensive attention. Macrophages are innate immune cells that are responsible for immune surveillance and pathogen removal. Accumulative studies have suggested that macrophages are crucial for bone metabolism and bone tissue engineering. Osteoclasts are derived from the monocyte-macrophage lineage and have been identified as the resident macrophages of the bone ([Figure 1](#fig1){ref-type="fig"}). Macrophages can induce matrix mineralization *in vitro* and induce osteoblast differentiation *in vivo* [@bib11], [@bib12]. Depletion of macrophages reduces the number of osteoblasts *in vivo*.Figure 1Macrophages and bone cells in the bone. Osteoclasts are differentiated from colony forming unit-granulocyte macrophage (CFU-GM) precursors in the presence of RANKL and M-CSF. Osteomacs are found in proximity to the bone lining cells, osteoblasts, and osteoclasts. Osteomacs can mediate the proliferation and differentiation of osteoblasts. Osteoblasts can transform into osteocytes, which inhibit bone formation through the production of sclerostin. CSF-1 = colony-stimulating factor 1; M-CSF = macrophage colony-stimulating factor; RANK = receptor activator of nuclear factor kappa-β; RANKL = receptor activator of nuclear factor kappa-β ligand.Figure 1

The present work will focus on how macrophages interact with bone cells and elucidate how macrophage polarization affects bone formation. Moreover, we will discuss the role of macrophages in inflammatory diseases of the bone.

Macrophages and bone formation {#sec2}
==============================

Macrophages are a highly heterogeneous population derived from the myeloid cell lineage. As essential effectors of the innate immune system, macrophages play a critical role in host defence and inflammation. Macrophages can be divided into resident and inflammatory macrophages [@bib13]. Resident macrophages can be found in nearly all tissues, and they participate in tissue repair, immune surveillance, and homeostatic maintenance [@bib14], [@bib15]. Inflammatory macrophages derive from monocytes and traffic via the bloodstream to inflammatory sites. In response to microenvironmental stimuli, macrophages (both resident and inflammatory macrophages) can be activated and acquire distinct functional abilities: proinflammatory M1 (classically activated macrophages) and antiinflammatory M2 (alternatively activated macrophages) ([Figure 2](#fig2){ref-type="fig"}) [@bib16]. M1 macrophages have proinflammatory functions and participate in the host defence against pathogens [@bib17]. When activated by IFN-γ, granulocyte macrophage colony-stimulating factor, or other toll-like receptor (TLR) ligands, M1 macrophages can produce proinflammatory cytokines, such as IL-1β, IL-12, tumour necrosis factor-α (TNF-α), and superoxide anions, and induce a Th1 immune response [@bib18]. M2 macrophages contribute to tissue repair and resolution of inflammation. IL-4 and IL-13 can induce M2 macrophages. After activation, M2 macrophages can produce IL-10, IL-1 receptor type α, and TGF-β, which ensue the activation of the Th2 immune response and antiinflammatory functions [@bib19]. Under normal conditions, most macrophages display an M2 phenotype, which helps to maintain tissue homeostasis [@bib20]. In the early stage of inflammation, macrophages are activated and polarized to an M1 phenotype. These M1 macrophages produce nitric oxide and proinflammatory cytokines, which can lead to tissue damage. During the resolution of inflammation, macrophages are predominantly polarized to an M2 phenotype, which can suppress proinflammatory cytokine production, clear debris, and restore tissue homeostasis [@bib21].Figure 2The polarization of macrophages can affect bone destruction. Macrophages can be activated and polarized into the proinflammatory M1 and antiinflammatory M2 phenotypes. M1 macrophages can secrete TNFα and IL-1β, inducing bone resorption. M2 macrophages can secrete IL-10 and TGFβ, inhibiting bone resorption. IFN = interferon; IL = interleukin; LPS = lipopolysaccharide; NK = natural killer; TGFβ = transforming growth factor β; TNFα = tumour necrosis factor α.Figure 2

A mountain of evidence has suggested that both resident and inflammatory macrophages can influence bone formation. Osteoclasts have been traditionally viewed as the resident macrophages in the bone. In recent years, a large population of bone-resident macrophages has been identified in the periosteal and endosteal tissues. These macrophages are termed osteomacs, and comprise about one-sixth of all cells in the bone marrow. Interestingly, osteomacs are closely adjacent to osteoblasts in the endosteal surface of bone, suggesting that osteomacs may provide proanabolic support to osteoblasts and promote bone formation [@bib22]. The positive role of osteomacs on bone formation has been demonstrated in an *in vitro* culture system. Chang et al [@bib11] reported that the mineralization of osteoblasts was decreased 23-fold when osteomacs were removed from primary calvarial osteoblast culture. On the contrary, the addition of osteomacs to purified osteoblasts can increase mineralization. Osteomacs can also maintain the maturation of osteoblasts *in vivo*. Depletion of osteomacs inhibits osteoblast maturation and reduces bone formation. It has been suggested that osteomacs can detect and respond to bone damage by promoting type I collagen production and bone mineralization in a tibial injury model [@bib23], [@bib24]. Moreover, using a MAFIA mouse model, Cho et al [@bib25] reported that parathyroid hormone treatment can augment osteomacs in bone. Depletion of early lineage macrophages causes osteopenia, while depletion of differentiated macrophages can increase osteogenic differentiation and parathyroid hormone anabolism.

Like resident macrophages, inflammatory macrophages also possess the ability to influence bone formation. Classically activated M1 macrophages can produce oncostatin M, which promotes osteogenesis and the mineralization of mesenchymal stem cells (MSCs) *in vitro* [@bib26]. However, Fernandes et al [@bib27] reported that conditioned medium from alternatively activated M2 macrophages can promote the osteoblastic differentiation of MSCs in an oncostatin M-dependent manner. The study from Horwood [@bib28] supported the notion that alternatively activated macrophages remain the potent inducers of osteoblast formation. In recent years, the roles of inflammatory macrophages in bone formation have been widely investigated in disease states. Using a mouse osteonecrosis model, Wu et al [@bib29] found that a large number of M1 macrophages was observed in the early stage of osteonecrosis. Predominantly M2 macrophages were identified in the late stage, accompanied by appositional new bone formation. Bone tissue engineering is an ideal field to investigate the role of inflammatory macrophages on bone formation. Macrophages mediate both bone fracture healing and the inflammatory response to implanted biomaterials [@bib30]. Biomaterial implants induce the polarization of M1 macrophages, which leads to an inflammatory foreign body reaction, granuloma formation, fibrous encapsulation, and, finally, biomaterial integration failure [@bib31]. On the contrary, M2 macrophages play a crucial role in reducing fibrous encapsulation, promoting vascularization, and improving biomaterial integration. Cobalt incorporated with β-tricalcium phosphate can promote macrophage polarization towards an M1 phenotype, which is associated with bone destruction and fibrous encapsulation [@bib32]. Many "immuno-informed" biomaterials have been designed to induce the M2 polarization of macrophages to fulfil a regeneration function [@bib33]. High surface wettability materials can promote macrophage polarization towards an M2 phenotype, which can increase osteointegration [@bib34]. Nanostructured titanium surfaces and surface bioactive ion chemistry can markedly increase M2 macrophages, which results in increased osteogenesis [@bib35]. It has been reported that M2 macrophages can promote the osteoblast differentiation of MSCs, as evidenced by increased alkaline phosphatase and bone mineralization [@bib36]. β-tricalcium phosphate-stimulated macrophages can promote osteoblast differentiation of bone marrow MSCs [@bib37]. All of these results suggest that macrophages have crucial effects on bone formation during bone inflammation.

Macrophages and fracture healing {#sec3}
================================

Bone fracture is a common medical condition resulting from disease, trauma, or age-related bone fragility. In most cases, fracture healing is a complex process known as indirect (secondary) fracture healing, involving inflammation, callus formation, and remodelling [@bib38]. Macrophages have been reported to participate in the inflammatory stage of fracture healing [@bib39]. During the early stage of fracture healing, hematoma formation and inflammation trigger the healing process. The infiltration of inflammatory cells to the fracture site is a prerequisite for fracture healing. Neutrophils are the first inflammatory cells to arrive at the injury site. They can produce proinflammatory cytokines which help to recruit macrophages to the injury site in the early stage of inflammation. C-C chemokine receptor 2-deficient mice displayed reduced macrophage recruitment and delayed fracture healing [@bib40]. Macrophages can clear dead cells and produce a series of cytokines, including TNF-α, IL-1β, IL-6, and C-C chemokine ligand 2. TNF-α is involved in cell recruitment and secondary inflammatory signalling induction. IL-1 produced by macrophages can promote angiogenesis, induce the production of IL-6, and promote the formation of primary cartilaginous calluses [@bib41]. IL-6 can recruit MSCs to the injury site and stimulate angiogenesis and osteoblast differentiation [@bib42]. Recent studies have shown that macrophages are involved in the entire process of fracture healing. Resident macrophages (osteomacs) are predominately in the maturing hard callus. Both inflammatory and resident macrophages can increase anabolic mechanisms during endochondral callus formation. Proinflammatory cytokines secreted by macrophages can regulate both osteoblast and osteoclast differentiation. Macrophages can enhance osteogenesis through the production of cytokines such as bone morphogenetic protein 2, bone morphogenetic protein 4, and TGF-β1 [@bib43]. Oncostatin is a cytokine of the IL-6 family. Activated macrophages can secrete oncostatin and induce the osteogenic differentiation of MSCs *in vitro*. In the initial inflammatory stage, macrophages produce a large amount of oncostatin M, which serves to promote intramembranous bone healing. Depletion of macrophages results in the reduction of oncostatin M, collagen type 1, and bone mineralization [@bib44]. In a tibial fracture mouse model, the osteogenic differentiation of MSCs was also reduced after depletion of macrophages, followed by reduced callus formation and bone deposition. Interestingly, IFN-γ secreted by macrophages can suppress osteoclastogenesis through the degradation of TNF receptor associated factor 6.

Macrophages and rheumatoid arthritis {#sec4}
====================================

RA is a chronic inflammatory disease characterized by joint inflammation and subsequent cartilage destruction and bone erosion. The typical symptoms of RA are synovial hypertrophy and inflammation caused by the accumulation of fibroblasts, lymphocytes, neutrophils, and monocytes/macrophages. Among these cells, activated macrophages are the main source of proinflammatory cytokines, including TNF-α, IL-1β, IL-6, C-X-C motif chemokine ligand 4 (CXCL4), and CXCL7. These cytokines can activate endothelial cells, induce synovial inflammation, increase osteoclastogenesis, and, finally, lead to joint damage [@bib45], [@bib46]. It is well accepted that macrophages play an important role in the pathogenesis of RA. An increased number of sublining macrophages in the synovium has been accepted as an early biomarker of RA [@bib47]. Moreover, the degree of joint destruction is correlated with the accumulation of CD68^+^ sublining macrophages [@bib48]. Many factors have been reported to regulate the polarization of macrophages in the pathogenesis of RA. The concentrations of oestrogens are increased in the synovial fluid of RA patients. Oestrogens can increase the proliferation and M1 polarization of macrophages, suggesting that oestrogens can promote RA through regulating macrophage polarization [@bib49], [@bib50]. A recent study shows that succinate receptor 1^+^ macrophages can secrete succinate into the synovial fluid. These fluids can induce the production of IL-1β from macrophages, which promotes the pathogenesis of RA [@bib51].

Recent studies have shown that the interaction between macrophages and T cells may contribute to the pathogenesis of RA [@bib52], [@bib53]. T cells are thought to be another contributor to RA. Macrophages possess the ability to regulate T cell migration and polarization. Synovial effector memory T cells express C-X-C chemokine receptor 6. Synovial macrophages highly express CXCL16, which can promote the recruitment of C-X-C chemokine receptor 6^+^ T cells to the rheumatoid joints [@bib52]. After that, macrophages can secrete cytokines, including IL-2, IL-1β, IL-6, IL-12, and IL-23. IL-2 can induce Th1 polarization, while IL-1β, IL-6, and IL-23 can induce Th17 polarization [@bib53]. Th1 and Th17 cells accumulate in the tissue and fluid of the joints in patients with RA, and participate in the pathogenesis and development of RA [@bib54].

The differentiation of macrophages into osteoclasts contributes to bone erosion. Proinflammatory cytokines, including TNF-α, IL-1, IL-6, and IL-17, can induce the expression of RANKL in synovial fibroblasts. RANKL then promotes the osteoclastic differentiation of macrophages. It has been suggested that macrophages can induce bone erosion and damage in the pathogenesis of RA.

Macrophages and osteoarthritis {#sec5}
==============================

Osteoarthritis (OA) is a common joint disease characterized by cartilage breakdown, synovial fibrosis, and osteophyte formation. It has long been known that OA is a noninflammatory arthritis and mechanical factors play an important role in the initiation of OA. However, increasing studies have demonstrated that synovial inflammation can be found in both early and late stages in most OA patients, and is recognized as a characteristic of OA [@bib55]. Abundant proinflammatory cytokines, including TNF-α, matrix metalloproteinase-3, IL-1β, and IL-29, have been found in the synovium of patients with OA. These cytokines are responsible for inflammation induction and cartilage degradation in OA [@bib56].

The accumulation of macrophages in the synovial lining can be recognized as the main morphological characteristic of synovitis [@bib57]. Macrophages are the main source of TNF-α and IL-1β. The number of macrophages is increased in the synovial tissue in small animal models of OA [@bib58]. Increased macrophages are also found in the synovium and subchondral bone of OA patients, and are associated with joint severity [@bib59]. These macrophages can be identified by cell surface markers, including CD163, CD68, CD14, and F4/80. When the knees of patients with OA were examined, it was determined that an increase in CD14 and CD163 indicates inflammatory phenotypes, OA severity, and progression risk [@bib60]. When macrophages were depleted, synovial cells did not produce significant amounts of macrophage-derived cytokines, such as TNF-α and IL-1β [@bib61]. Moreover, synovial fibroblast-derived IL-6, IL-8, and matrix metalloproteinase-1 were also reduced after macrophage depletion. Thus, macrophages not only mediate synovial inflammation directly, but also promote inflammation through activating synovial fibroblasts.

The polarization of macrophages also affects the progression of OA. M1 cytokines, including IL-1α, IL-1β, and TNF-α, are increased in the synovium of OA patients. By contrast, the M2 cytokine IL-1 receptor type α is reduced [@bib62]. The latest *in vitro* study has shown that M1 macrophages are responsible for inflammation and the degeneration of cartilage in OA. However, M2 macrophages cannot suppress the inflammatory and degenerative effects of M1 macrophages [@bib63].

Macrophages and peri-implant osteolysis {#sec6}
=======================================

Peri-implant osteolysis is the most common complication after total joint arthroplasty. It has been commonly thought that peri-implant osteolysis is a chronic inflammatory response to wear particles [@bib64]. Wear particles are biologically active and can initiate an innate inflammatory reaction, leading to bone osteolysis and implant loosening [@bib65]. Macrophages and wear particles are abundant in the granulomatous periprosthetic membrane. Wear particles can be recognized and phagocytosed by macrophages, which triggers the proliferation, differentiation, and activation of macrophages [@bib66]. Adsorbed proteins and receptors on the cell surface are involved in the interaction between macrophages and wear particles. Wear particle-mediated macrophage activation is partially induced by TLRs [@bib67]. TLRs, including TLR2, TLR4, TLR5, and TLR9, are increased on macrophages in periprosthetic tissues. Integrins such as macrophage-1 antigen can modulate macrophage adhesion and activation and the phagocytosis of wear particles [@bib68]. Macrophage-1 antigen and arginine-glycine-aspartate-binding integrins are critical to macrophage-induced inflammatory responses to ultra high molecular weight polyethylene wear debris [@bib69].

A series of proinflammatory factors, including IL-1, IL-6, TNF-α, and osteopontin, can be produced by wear particle-activated macrophages. These cytokines can induce the expression of RANKL, which activates osteoclasts and leads to bone resorption and osteolysis. Wear particles can also stimulate macrophages to produce chemokines, such as macrophage inflammatory protein-1 and monocyte chemotactic protein-1. These chemokines can recruit peripheral macrophages, which promote osteoclastogenesis and bone resorption [@bib70].

Recent studies have shown that the response of macrophages to wear particles is dependent on the state of macrophage polarization [@bib71], [@bib72]. Titanium particles can induce the M1 polarization of macrophages, which leads to the production of IFN-γ [@bib72]. Contrarily, the M2 polarization of macrophages can ameliorate debris-induced osteolysis [@bib73].

Macrophages as therapeutic targets in inflammatory bone diseases {#sec7}
================================================================

As they are responsible for driving inflammatory and destructive damage in bones, macrophages appear to be promising therapeutic targets in inflammatory bone diseases. Sirtuin 1 can inhibit synovial inflammation in RA through reducing the number of macrophages [@bib74]. IL-1 receptor type 2 can inhibit the action of IL-1 on macrophages, leading to the alleviation of collagen-induced arthritis [@bib75]. Recently, Shin et al [@bib76] found that human stem cells can polarize macrophages towards an M2 phenotype and alleviate RA. Local IL-4 or FTY720 (agonist for sphingosine 1-phosphate receptors) delivery can also polarize macrophages towards an M2 phenotype, which helps to reduce wear particle-induced osteolysis and enhance bone regeneration in cranial defects [@bib77]. As a macrophage-derived proinflammatory cytokine, TNF-α is an ideal therapeutic target in arthritis. Many anti-TNF-α drugs (infliximab, adalimumab, certolizumab, and golimumab) are highly effective in RA [@bib78]. Recently, adalimumab and infliximab have been reported to alleviate knee pain, synovitis, and bone marrow oedema in OA [@bib79], [@bib80].

Conclusion and future perspectives {#sec8}
==================================

Bone and the immune system are closely linked both in physiological and pathological conditions. Inflammation is responsible for bone loss in many clinical diseases. As an important population of immune cells, macrophages play a critical role in bone formation and destruction. During inflammation, macrophages (both resident and inflammatory macrophages) are activated and produce a large amount of cytokines. These cytokines can promote osteoblast or osteoclast differentiation, ultimately affecting bone formation. Harnessing macrophage-mediated inflammation is a promising strategy for bone regeneration. The correct understanding of the mechanisms by which macrophages regulate bone metabolism is essential for identifying useful therapeutic targets in inflammatory bone diseases.
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